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THE NATURE O F  PYROLYTIC O I L  DERIVED FROM MUNICIPAL SOLID WASTE. 
Kenneth W. Pober,  H. Fred B a u e r ,  Occ iden ta l  Research Corpora t ion ,  

1855 C a r r i o n  Road, La Verne, C a l i f o r n i a  91750. 

The Occidenta l  Research Corpora t ion  i s  developing a f l a s h  p y r o l y s i s  
p rocess  f o r  t h e  product ion  of f u e l s  and chemica ls .  The main f e a t u r e s  
of t h e  process  are near  ambient p r e s s u r e ,  n o  requirement for  added 
chemica ls ,  l o w  c a p i t a l  inves tment ,  f l e x i b i l i t y  of feeds tock  (mun ic ipa l  
r e f u s e ,  c o a l ,  r i c e  h u l l s ,  g r a s s ,  t r e e  b a r k ) ,  v a r i a b i l i t y  of tempera- 
t u r e ,  and minimum f e e d  p re t r ea tmen t .  Nunic ipa l  s o l i d  w a s t e  is sh red -  
ded;  me ta l s  and g l a s s  a r e  recovered and s o l d .  The o r g a n i c , f r a c t i o n ,  
l a r g e l y  c e l l u l o s e ,  i s  pyrolyzed. 
ash  con ten t  r e l a t i v e  t o  t h e  f eeds tock ,  and t h e  o i l  can be  burned for  
f u e l  va lue .  
analyses,  v i s c o s i t y ,  s o l u b i l i t y ,  thermal  s t a b i l i t y ,  c o r r o s i o n ,  and char 
con ten t .  

The r e s u l t a n t  p y r o l y t i c  o i l  h a s  a low 

The p r o p e r t i e s  of t h i s  o i l  w i l l  be d i scussed  i n  t e r m s  of 
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INTRODUCTION 

I n  a t y p i c a l  pulping process ,  approximately one-half of t h e  

raw material is  converted t o  pulp and t h e  o t h e r  ha l f  i s  d i s so lved  i n  

t h e  spen t  l i quor .  I n  t h e  United S t a t e s ,  n e a r l y  a l l  o f  t h e  spen t  l i q u o r  

i s  concentrated and burned t o  provide p a r t  of t h e  energy f o r  t h e  p l a n t .  

One p o t e n t i a l  method of u t i l i z i n g  t h e s e  l i q u o r s  is t o  produce gaseous 

products  f o r  f u e l s ,  chemicals,  and o t h e r  a p p l i c a t i o n s .  Th i s  sugges t ion  

i s  based on t h e  fol lowing reasons: 

b l ack  l i quor  is w e l l  d i spe r sed ,  (2) t h e  black l i q u o r  contains  consider-  

a b l e  amount of a l k a l i  metals, which are known t o  have e x c e l l e n t  c a t a l y t i c  

e f f e c t  on g a s i f i c a t i o n ,  and (3) t h e  concentrated b l ack  l i q u o r  con ta ins  

about 40 t o  60 pe rcen t  of water, which can be converted to  steam €or  t h e  

carbon-steam g a s i f i c a t i o n  r eac t ion .  

(1) the carbonaceous m a t e r i a l  of 

Because of t h e  presence of carbonaceous m a t e r i a l  and water  i n  

t h e  black l i q u o r ,  it is suspected t h a t  t he  fol lowing water-carbon reac- 

t i o n s  would predominate: 

C + H20 + CO + H2 

CO + H20 + C02 + H2 
(1) 

(2 )  

Normally, t h e  hydrogen concentrat ion i n  t h e  product gas should not  excccd 

a c e r t a i n  l i m i t  imposed b y  thermodynamic e q u i l i b r i u n .  For e-,lmi,Ic, f o r  

a t y p i c a l  sodiuni-base spent  l i q u o r ,  t he  hydrogen concen t r a t ion  i n  t hc  

py ro ly t i c  g a s i f i c a t i o n  products  a t  1000 K an$ ambient p re s su re  w i l l  not 

exceed 60 percent  i n  volume (1). However, i n  the presence of a CO - 
removal reagent ,  such as NaOH or  CaO, e t c . ,  t h e  equ i l ib r ium can be s h i f t e d  

2 
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t o  d r ive  r eac t ion  (2)  toward completion. 'This would maximize thc l ivdro-  

gen y i e l d ,  and, a t  the  same time, reduce CO and CO 

the  product gas. 

concent ra t ions  i n  2 

The f e a s i b i l i t y  of u t i l i z i n g  the  spent  l i q u o r  v i a  p y r o l y t i c  

g a s i f i c a t i o n  a t  nea r ly  atmospheric p re s su res  has been demonstrated by 

Prahacs e t  a1  (I)' (*I .  
h ighes t  y i e l d s  of hydrogen and carbon monoxide. 

i n ' t h e  product gas  was g e n e r a l l y  i n  t h e  range of 50-60 percent  by 

volume. The o b j e c t i v e  of  t h i s  paper is t o  demonstrate exper imenta l ly  

the  t echn ica l  f e a s i b i l i t y  of producing hydrogen-rich gas by p y r o l y t i c  

g a s i f i c a t i o n  of b l ack  l i q u o r .  

removal reagent f o r  convenience of handling i n  a mic ro reac to r  used i n  

t h i s  s tudy .  

They concluded t h a t  t h e  Na-base l i q u o r  gave 

However, t h e  hydrogen 

Sodium hydroxide w a s  s e l e c t e d  a s  a C02- 

EXPERIMENTAL 

The g a s i f i c a t i o n  experiments were conducted i n  a ba tch  r e a c t o r  

system as shown i n  F igu re  1. 

inch  Inconel p ipe  (I.D. 0.742", O.D. 1.050"). H e l i u m  was used as an  i n e r t  

tracer t o  provide a m a t e r i a l  ba lance  from which g a s i f i c a t i o n  y i e l d  w a s  

es t imated .  

The r e a c t o r  w a s  made of a 12-inch-long 3/4- 

I n  a t y p i c a l  experiment,  t he  r e a c t o r  w a s  brought t o  t h e  s e l e c t e d  

r eac t ion  temperature,  evacuated, and then p res su r i zed  t o  20 ps ig  with 
helium. 

t y p i c a l l y )  was loaded i n t o  t h e  sample r e s e r v o i r  through V5 b y  means of a 

hypodermic syr inge  and V5 w a s  closed. 

sample i n  the r e se rvo i r  was pressur ized  t o  300 Vsig w i t h  argon ( t o  serve  

as p i s ton  g a s )  and i s o l a t e d  by c los ing  V 4  before  thc  water w a s  €orced 

i n t o  the heated r eac to r  by opening va lve  V6 and immediatelv closinp i t .  

This provided a steam enviroivnent fo r  g a s i f i c a t i o n .  W i t h  the  same pro- 
cedurc,  a measured amount of black Liquor (2 .0  cc) was tllcn in j ec t cd  i nLo  

the  s team-f i l led  r e a c t o r ,  except t h a t  600 ps ig  o f  helium prc!.;surc ~ m s  

With va lves  V6. and V7 c losed ,  a measured amount of water (0.5 c c ,  

The f r e e  snace above the  water 



Pressure 
Transducer 

\ 
S a f e t y  

Vacuum Heated Line 
,' *Q::. Gauge Dfb- 

T 3  
Vacuum . .  

Pump V9 V8 

I 

Sample 
C o l l e c t i o n  

Cylinder 7 

+v 10 

$,l I 

f v 3  Black 
Liquor Arp,on ( P i s t o n  
Reservior 
( a CC) 

Check Valve 

TV6 
Tubular Furnace 

Kea c t or 
(O.D. = 1.050" 

I.D. = 0.742" 
Length = 12" 
Volume = 85 CC) 



56 

4 

used a s  a p i s t o n  gas. Vaporization of the  s o l u t i o n  took o l ace  almost 

instantaneously.  After the predetermined r e a c t i o n  per iod,  the products  

were co l l ec t ed  by opening va lves  V7 and V10 t o  t r a n s f e r  t h e  sample t o  

t h e  c o l l e c t i o n  cy l inde r .  The c o l l e c t e d  gaseous r e a c t i o n  products  were 

analyzed by gas chromatography and mass spectroscopy.  

A l l  expe r imen ta l  tests t o  b e  d i scussed  i n  t h i s  paper  were 

conducted a t  800 C. Two minutes  were s e l e c t e d  as t h e  r e a c t i o n  t ime. 

The sodium-base black l i q u o r  used i n  t h i s  s tudy  contained 

15.6 percent  by weight o rgan ic  carbon. To i n v e s t i g a t e  the a d d i t i o n  of 

CO -removal r eagen t ,  v a r i o u s  amounts of sodium hydroxide were added 

t o  t h e  l i quor  at  N a / C  mole r a t i o s  of 0.00, 0.38, 0.77, and 1.15, where 

N a  is moles of added s o d i m  and C is moles of o r g a n i c  carbon i n  t h e  

l i q u o r .  

2 

The r e s u l t s  from t h e  above-mentioned experiments are shown i n  
Table 1 and Figures  2 and 3. The degree of g a s i f i c a t i o n  w a s  e s t ima ted  

by assuming t h a t  hydrogen and carbon d iox ide  is  produced according t o  

the carbon steam reac t ion :  

c + 2H20 + co2 + 2R2 
Therefore ,  f o r  every t w o  moles of hydrogen produced, one mole of o rgan ic  

carbon i n  the b l a c k  l i q u o r  should be g a s i f i e d .  

formed would r e a c t  w i th  NaOH t o  form sodium ca rbona te ,  up to t h e  l i m i t  

imposed by the q u a n t i t y  of NaOH added and/or a l r eady  p r e s e n t  i n  the 

black l i quor .  The fol lowing obse rva t ions  were made: t h e  main r z a c t i o n  

products  were found t o  b e  hydrogen, methane, carbon d iox ide ,  and carbon 

monoxide; very sma l l  amounts of C,-C hydrocarbon ( r a r e l y  excecdina 1.3 - 6  
percenL toLal) w r e  observed; t h e  concenLrntion of hydrogcn L n  Llie 

gaseous products was ve ry  high i n  a l l  expcriments ,  ranging from 62 t o  

88 volume percent .  

The carbon d iox ide  t h u s  
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TABLE 1. RESULTS OF PYROLYTIC GASIFICATION 
OF BLACK LIQUOR 

Run No. PG-01 PG-02 PG-03 PG-04 

Temp (C) 800 800 

Na/C Mole Ratio in Feed‘’) 0.00 0.38 

Product Yield (g-mole/lOOO cc of as-received liquor) 

HZ 

cH4 

co 

‘ZH4 

‘ZH6 

C3H6 

‘3% 

‘6”6 

Product Composition ( X )  

HZ 

CH4 

c02 

co 

‘ZH4 

‘ZH6 

C3H6 

C3H8 
C6H6 

Percent G3s if i c a  t i o n  
(based on carbon i n p u t )  

6.85 

0.45 

1.88 

1.69 

0.008 

0.039 

0.002 

NIL 

0.005 

62.4 

4.1 

17.1 

15.4 
0.07 

0.35 

0.01 

NIL 

0.6 

100.33 

40.  n 

11.96 

0.36 

2.70 

1.30 

0.012 

0.087 

0.007 

0.005 

0.12 

72.3 

2.2 

16.3 

7.9 
0.07 

0.53 

0.04 

0.03 

0.72 

100.09 

6A. 0 

800 

0.71 

16.77 

0.40 

2.01 

1.00 

0.007 

0.012 

0.003 

NIL 

0.077 

82.7 

2 .0  

9.9 

5.0 
0.03 

0.08 

0.02 

NIL 

0.38 

100.L1 

7 2 . 5  

800 

1.15 

18.35 

0.12 

1.90 

0.42 

NIL 

0.051 

0.006 

NIL 

0.08 

87.7 

0.57 

9.1 

2.0 

NIL 

0.24 
0.03 

NIL 

0.38 

LOO. 02 

7 5 . 0  

-_ 

- 
(1) Na-content refers t o  the amount of NaOH added to the liquor. 

C-content is 15.6 w t  %. 
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There are . tk-o s t r i k i n g  e f f e c t s  of  tile added caus t i c  soda on  

t h e  g a s i f i c a t i o n  of black l i quor .  The f i r s t  i s  the  product -gas d i s t r i -  

bu t ion ,  and t h e  second is the t o t a l  g a s i f i c a t i o n  y i e l d .  As shown i n  

Figure 2,  the  hydrogen content  of t h e  gas  increased  w i t h  i nc reas ing  

N a / C  r a t i o ;  about 88 percent  of hydrogen w a s  ob ta ined  wi th  N a / C  r a t i o  

of 1.15 a s  compared t o  62 percent  when no f r e e  NaOH ( N a / C  = 0.00) was 

added t o  t h e  b lack  l i q u o r .  Also, t h e  CO and CH concent ra t ions ,  i n  

gene ra l ,  decreased p rogres s ive ly  w i t h  inc reas ing  N a / C  r a t i o .  

g a s i f i c a t i o n  y i e l d  as a func t ion  of Na/C r a t i o  i s  shown i n  Figure 3. 

S i g n i f i c a n t  i n c r e a s e s  i n  t o t a l  g a s i f i c a t i o n  y i e l d  with inc reas ing  Na/C 

r a t i o  were observed. About 76 percent  of conversion can be obtained at 

Na/C of 1.15, as compared t o  40 percen t ,  when no f r e e  NaOH was added 

t o  t h e  b lack  l i quor .  Th i s  sugges ts  t h a t  t h e  added a l k a l i  metal  g r e a t l y  

enhances t h e  g a s i f i c a t i o n  r eac t ion .  

4 
The t o t a l  

I n  conclus ion ,  t h e  production of hydrogen i n  concent ra t ions  

g r e a t e r  than 85 pe rcen t  i n  the  gas  from p y r o l y t i c  g a s i f i c a t i o n  of b l ack  

l i q u o r  i s  t e c h n i c a l l y  f e a s i b l e .  The a d d i t i o n  of c a u s t i c  soda t o  t h e  

b lack  l i quor  not  on ly  enhances the  g a s i f i c a t i o n  r e a c t i o n ,  bu t  a l s o  

inc reases  t h e  hydrogen concen t r a t ion  i n  t h e  product gas.  

such as ca lc ined  l imes tone  o r  dolomite,  may be s u b s t i t u t e d  f o r  t he  

c a u s t i c  soda. 

Other r eagen t s ,  

Thus, a waste m a t e r i a l ,  which p resen t s  a d i sposa l  problem and 

a p o t e n t i a l  p o l l u t i o n  hazard ,  can be converted t o  products  for  u s e f u l  

f u e l s ,  chemical feeds tocks .  and/or app l i ca t ions .  
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Introduct ion 

Bio-Gas of Colorado has been doing business as a company f o r  
two years deal ing with treatment and reuse of a g r i c u l t u r e  waste or-  
ganic mater ia l s .  

W e  believe a commercially v i a b l e  energy from the  a g r i c u l t u r a l  
waste conversion indus t ry  p o t e n t i a l l y  e x i s t s .  This paper attempts 
t o  i l l u s t r a t e  t h i s  statement.  

Our research and s t u d i e s  have been conducted i n  Colorado, 
Arizona, Utah and New Mexico i n  conjunction with gran ts  from the  
4-Corners Regional C m i s s i o n .  
been accumulated from p i l o t  p l a n t  operat ions and s t u d i e s  a t  the 
Monfort of Colorado Inc.  beef f e e d l o t s .  However, t h e  information 
presented i n  t h i s  paper d e a l s  with Colorado exclusively.  

Much of our design information has 

Background 

Agriculture waste m a t e r i a l  such as  steer manure has an energy 
value which ranges from 3000-8000 BTU per  pound of s o l i d  mater ia l .  
This mater ia l  cur ren t ly  i s  being used, almost exclusively,  i n  i t s  
t r a d i t i o n a l  manner as an addi t ion  t o  a g r i c u l t u r a l  croplands.  
processes,  wel l  known and reported,  are ava i lab le  t o  convert  t h i s  
manure i n t o  a form of energy product such as o i l  o r  gas.  

Various 

The most of ten reported processes a re :  
1 . )  d i r e c t  combustion 
2.) pyroly t ic  conversion 
3 . )  anaerobic d iges t ion  

Our s tud ies  have been exc lus ive ly  concerned with the process 
of anaerobic d iges t ion  f o r  reasons which w i l l  be discussed l a t e r .  

Def in i t ion  

F i r s t ,  w e ' l l  d iscuss  what w e  consider would be a g r i c u l t u r a l  

1,) Residue from animal husbandry operat ions 
2.) Food processing wastes 
3 , )  Crop residue l e f t  i n  t h e  f i e l d s  ( o r  co l lec ted)  

These mater ia l s  a re  a l l  generated i n  l a r g e  q u a n t i t i e s .  Items 

I t e m  three  i s  n e i t h e r  gener- 

wastes of  an energy producing nature .  S p e c i f i c a l l y  w e  have defined 
a g r i c u l t u r e  wastes as: 

one and two a r e  i n  a reasonably cent ra l ized  o r  co l lec ted  form and 
a r e  generated on a continuous bas is .  
a ted  continuously o r  normally co l lec ted .  
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I n  Colorado, crop res idues  a r e  not removed from the f i e l d s  and 
most a g r i c u l t u r e  state agents s t rongly  recommend leaving t h i s  mater ia l  
on the f i e l d s  f o r  e ros ion  cont ro l  i n  t h e  windy cl imate .  

Amounts 

Anderson(1) es t imates  194.5 m i l l i o n  tons of moisture and ash 
f r e e  organic m a t e r i a l  from animal husbandry operat ions a r e  generated 
year ly  i n  the-J. S .  

m a t e r i a l  ( v o l a t i l e  s o l i d s )  are c o l l e c t a b l e  from 1 7  a reas  of concen- 
t r a t e d  l ives tock  feeding i n  Colorado. The maximum dis tance  consid- 
e red  f o r  t ranspor t ing  manure w a s  15 miles .  This information was 
generated during the  summer o f  1975 and represents  approximately 52% 
u t i l i z a t i o n  o f  t h e  s t a t e  f e e d l o t  capaci ty .  

I n  Colorado, 8 areas  o r  p o t e n t i a l  s i t e s  have been located i n  
which t h e  quant i ty  of manure generated i s  la rge  enough t o  j u s t i f y  
a u t i l i t y  s i z e  methane f a c i l i t y .  

Burford (2) es t imates  t h a t  1,065,500 tons p e r  year  of dry organic 

Available Enerpy 

Before going i n t o  the amount of "deliverable" product such 
manure could generate ,  a discussion of t h e  conversion process and 
the s t a t e  of the "delivered" feedstock is i n  order .  

Manure, as del ivered ,  from an open d i r t  feed lo t  (found i n  
Colorado o r  i n  the southwest i n  general)  would be extremely var iab le  
i n  a) moisure content ,  b) d i r t  o r  g r i t  r a t i o  and c)  ex ten t  of decom- 
pos i t ion  caused by exposure during the confinement period. Figure 1 
shows decomposition and organic carbon l o s s  i n  a t y p i c a l  manure 
sample versus exposure t i m e .  Figure 2 shows a t y p i c a l  s t e e r  manure 
as received p e r  t an  breakdown. 

As mentioned earlier,  our work has been exclusively devoted 
t o  the u t i l i z a t i o n  of anaerobic d iges t ion  t o  process the manure. 
Manure as a "fuel" must be processed before  d i r e c t  combustion or 
p y r o l y t i c  decomposition could be p r a c t i c a l .  Anaerobic d iges t ion  
however, would be less af fec ted  by moisture content ,  being a pro- 
cess  whereby d i l u t i o n  with water is  accomplished before u t i l i z a t i o n .  
Di lu t ion  allows the  g r i t  t o  be removed by s i m p l e  sedimentation. The 
energy loss  is l e s s  due t o  the  water content than i n  other  mentioned 
processes .  

as the only v i a b l e  process f o r  u t i l i z i n g  the  energy value of the 
manure is  t h a t  the process allows t h e  n u t r i e n t  and humus values of  
t h e  manure t o  be ava i lab le  t o  the  farm community. 
destroyed n u t r i e n t  and humus value of manure would be found i n  
much disfavor  by t h e  a g r i c u l t u r e  community. 

decompose (ferment) the  organic f r a c t i o n  of the  waste mater ia l .  

However, the  main reason t h a t  d iges t ion  i s  viewed by the authors 

Any process which 

Anaerobic d iges t ion  i s  a process which u t i l i z e s  b a c t e r i a  t o  
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The b a c t e r i a l  ac t ion  i s  a complex process and a discussion of bac- 
t e r i a  fermentation i s  n e i t h e r  t h e  i n t e n t  of this paper o r  p r a c t i c a l  
i n  the  t i m e  allowed, however, f o r  those i n t e r e s t e d ,  a bibliography 
of exce l len t  sources f o r  t h i s  d i scuss ion  i s  included i n  the  r e f e r -  
ence sec t ion  of t h i s  repor t .  (3 ,  4 ,  5 ,  6) 

b a c t e r i a l  decomposition of organic  m a t e r i a l .  
Basical ly  the following i t e m s  a r e  of importance i n  t h e  e f f i c i e n t  

1 . )  

2.) 

3. )  

4 . )  

5.) 

Oxygen f r e e  environment - Those b a c t e r i a  known a s  methan- 
ogenic b a c t e r i a  a r e  s t r i c t  anaerobes and cease funct ioning 
i n  the  presence of  oxygen. T h i s  requi res  sealed tankage. 

Pro e r  d i  e s t i o n  time- The b a c t e r i a  functign a t  a r a t e  
proFortioEa t o  temperature bgtween 60-110 F (15.56-43.33OC) 
Mesophilic :ange, and 120-150 F (48.89-65.56OC) Thermo- 
p h i l i c  range. - 

diges tor  tank volume) must be provided t o  allow t h e  
methanogenic b a c t e r i a  t o  properly process the  organic 
mater ia l .  
Mesophilic temperature of 98'F, and 4.75 f t  
i s  generated f o r  every pound of organic mat ter  introduced 
i n t o  the system. 

Temperature uniformity - Although d iges t ion  w i l l  proceed 
a t  any of t h e  te3peratures  mentioned, temperature changes 
grea te r  than + 2 F i n  an): 24 hour period a r e  enough t o  
cause "temperature shock , a phenomena whereby the b a c t e r i a  
become r e l a t i v e l y  dormant and gas production ceases .  
requires  a temperature c o n t r o l  system and i n s u l a t i o n  of 
the  d iges t ion  vesse l .  

Nut r i t iona l ly  balanced feedstock - The b a c t e r i a  requi re  
'basical ly ,  organic carbon ( l i g n i n  o r  non-organic forms 
of carbon w i l l  n o t  d i g e s t ) ,  n i t rogen,  phosphorous and 
t r a c e  elements. Manure has enough of a l l  the  n u t r i e n t s  
required.  Increases  i n  organic carbon alone could be 
t o l e r a t e d  with a r e s u l t i n g  increase i n  gas production. 

A t  any given temperature enough time (minimum 

A minimum time of 10 days i s  reqyired a t  the  
of methane 

T h i s  

Absence of tox ic  elements - Heavy metals  and i o n i c  
mater ia l  of high concentrat ion can cause b a c t e r i a  t o  
cease functioning. 

When the proper condi t ions a r e  provided, the b a c t e r i a l  a c t i o n  
can take place and the process of degradation or fermentation can 
take place.  

The gas re leased from the  process i s  known a s  bio-gas and 
roughly cons is t s  of 50%-70% CH4, 30% C02  and a t r a c e  of H2S by 
vo lune. 

Our p i l o t  p lan t  cons is ten t ly  produced a gas-of  5 % CH4 by 
volume (at  Denver a l t i t u d e )  and v e r i f i e d  t h a t  4.75 f t 3  of C H ~  could 
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be generated f o r  every pound of organic  m a t t e r . *  

Process cons idera t ion  

Monfort Gilcrest f eed lo t .  This f a c i l i t y  i s  s i zed  t o  handle 100,000 
c a t t l e  u n i t s  of manure input .  (A c a t t l e  u n i t  is 1 animal of 1000 lbs  
weight). Again a complete desc r ip t ion  of the process (one of  many 
proposed) i s  beyond the  scope of t h i s  repor t  but bas i ca l ly ,  the 
feed-manure is: 

Figure 3 shows a bas i c  f l o w  schematic a s  proposed f o r  the 

1. mixed w i t h  water, 
2 . )  sand and g r i t  removed, 
3.) the  r e s u l t i n g  s l u r r y  i s  heated and 
4 . )  int roduced i n t o  d iges t ion  vesse ls  where d iges t ion  occurs. 
5 . )  Bio-gas removed, H S and CO removed, compressed and sen t  

i n t o  t h e  i n t e r s t a t g  p ipe l ing .  
6.)  Residue removed from diges t ion  vessels , s o l i d s  separated,  

remaining l i qu id  is  admitted t o  ae ra t ion  basin. 
7 . )  The l i q u i d  is aerated allowing aerobic  bac te r i a  t o  grow. 
8 . )  Sol ids  again separated and the remaining l i qu id  remixed 

w i t h  manure. 

P lan t  Performance 

A IOC!,r?r?O ca t t le   nit f a c i l i t y  wndd input 1,200,000 l.bs of 
dry  so l id s  pe r  day t o  t9e p lan t ,  
ves se l s  of 1,000,000 f t  capac i ty  each to  provide the required 
de ten t ion  t q e  f o r  b a c t e r i a l  ac t ion .  Methane generatcjd would be 
3,406,000 f t  /day, a t  a cos t  of $1.60 - $2.00/1000 f t  . The bio- 
gas would be cleaned to  the  ex ten t  necessary and compressed t o  a 
p ipe l ine  pressure o f  850 p s i g  f o r  s a l e .  

The p l an t  w i l l  use 4 d iges to r  

Digestor  Heating 

Judicious use o f  i n su la t ion  and hea t  exchange a re  required i n  
the process t o  keep the ne t  energy requirements a s  low a s  poss ib le .  
A coa l  f i r e d  b o i l e r  w i l l  provide a major i ty  of t he  ne t  d iges to r  
hea t ing  requirement. Augmenting hea t  sources w i l l  be waste heat  of  
compression and s o l a r  energy. A form of f l a t  p l a t e  c o l l e c t o r  using 
d iges to r  e f f l u e n t  as the  hea t ing  medium has been patented and in-  
corporated i n t o  the  system design.  

Capi ta l  Costs 

Bio-Gas of Colorado has been engineer ing on this f a c i l i t y  f o r  
2 years  and our l a t e s t  c a p i t a l  c o s t  estimate shows a $5,500,000 - 
$6,500,000 cos t  f o r  t h i s  f a c i l i t y .  ($1,610 - $1,910 c a p i t a l  cos t  
per  generated MCF) Figures 4 and 5 show c a p i t a l  cos t  f i gu res  fo r  
d iges t ion  systems of var ious sizes as explained on each f igure .  

* On a theo rg t i ca l  bas i s  the  breakgown of 1 l b  of ce l lu lose  would 
y i e l d  7 f t  o f  methane. 4.75 f t  i s  an ac tua l  y i e ld .  
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W e  have b u i l t  s eve ra l  of t he  smaller s i z e s  as  shown on f igu re  4 ,  

Figure 5 is  estimated and assumes cos t s  as  r e l a t ed  t o  an owner- 

and these f igu res  include 40% markup over cos t  f o r  the bu i lde r s .  

operator ,  however, IDC and contingency of 15% are  allowed i n  f i g u r e  5.  
A s  can be seen from 10,000-100,000 c a t t l e  u n i t s  i s  the  l e a s t  s i z e  
s e n s i t i v e  arza on the curve and 40,000-50,000 c a t t l e  u n i t s  would be 
required t o  make the deal" i n t e r e s t i n g  t o  anyone contemplating a 
manure /gas f a c i l i t y .  

Some explanation of construct ion techniques i s  i n  order  t o  
j u s t i f y  f igure 5 .  

The process flow schematic i s  r e l a t i v e l y  simple. The f a c i l i t y  
c o n s i s t s  bas i ca l ly  of l a rge  tanks and lagoons for  holding s l u r r i e s  
and allowing anaerobic and aerobic  bac te r i a  t o  process the m a t e r i a l  
feedstock. 
proper hydraulic detent ion time i s  the f ea tu re  which causes the 
l a r g e s t  increment of c a p i t a l  cos t  i n  the envisioned f a c i l i t y .  
i t i o n a l  sewage p l an t  design r e l i e s  on concrete and/or s t e e l  tanks,  
each custom engineered and f i e l d  e rec t ed .  

A f a c t y r  cost  much reported f o r  these municipal i n s t a l l a t i o n s  
i s  $2.00/ft  of d iges to r  volume. 

I n  the envisioned f a c i l i t y ,  a l l  tanks including the d iges to r  
ves se l s  themselves, the c l a r i f i e r s  and lagoons a r e  a l l  "Hypalon- 
l ined" in-the-ground-trenches, a type of construct ion f inding favor 
i n  more recent waste treatment p ro jec t s .  U s e  of t h i s  type of con- 
s t r c t i o n  has allowed keeping the  t o t a l  c a p i t a l  cos t s  under $2.00/ 
f t  f o r  t h i s  type of f a c i l i t y .  This includes the e x t r a  equipment 
such as  s l u r r y  mixing, gas cleaning and compression, and l i q u i d  
ae ra t ion  t h a t  a municipal f a c i l i t y  would not require .  

The physical  s i z e  of the tanks required t o  allow the  

Trad- 

Conclusions 

It i s  our contention t h a t  a p o t e n t i a l l y  v i ab le  energy producing 
indus t ry  could be operated i n  Colorado and i n  other  a g r i c u l t u r a l l y  
o r i en ted  s t a t e s  f o r  the following main reasons: 

1 . )  Manure i s  ava i l ab le  i n  "commercial" q u a n t i t i e s  i n  a 

2 . )  Today manure i s  ava i l ab le  a t  $2.00/ton o r  l e s s  ($.615 

3 . )  

4 . )  

co l l ec t ed  form. 

- $.705 mi l l i on  BTU). A s  a f u e l  manure today i s  cheaper 
than coal .  
The technology i s  we l l  known t o  convert the energy value 
of manure i n t o  a very des i r ab le  form. 
It appears t he  c o s t  of c a p i t a l  f o r  the canversion 
f a c i l i t y  (under $2,000 per generated MCF) i s  a l s o  
des i r ab le .  
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PIPELINE GAS FROM SOLID WASTES BY THE SYNGAS RECYCLING PROCESS. 
G. W. Felton, H. Nack. B a t t e l l e ,  Columbus Labora tor ies ,  505 King Avenue, Columbus, 

H. F. Feldmann, 

Ohio, 43201; J. Adlers te in ,  Syngas Recycling Corp., Su i t e  2120, The Thomson Building, 
65 Queen S t r e e t  W., Toronto, Ontario,  Canada M5H 2M5 

A two-stage process f o r  converting s o l i d  wastes i n t o  a methane r i ch  gas capable of 
being upgraded t o  p ipe l ine  qua l i t y  i s  described. 
are contacted with a hydrogen containing gas and are converted t o  hydrocarbon gases con- 
s i s t i n g  mostly of methane with smaller amounts of ethane, carbon oxides,  carbonaceous 
char  and less than one percent o i l .  The char  i s  used i n  a second s t age  connected r eac to r  
t o  genera te  a synthes is  gas f o r  t h e  f i r s t  s tage .  
f i r s t  s t age  as both a moving-bed and f r e e - f a l l  r eac to r  are presented and these  da t a  are 
combined with g a s i f i e r  p e r f o m n c e  ca l cu la t ions  t o  e s t a b l i s h  la rge-sca le  performance 
c h a r a c t e r i s t i c s  of the in t eg ra t ed  system. 

I n  the  f i r s t  zone, t he  raw solid wastes 

Resul t s  of continuous opera t ion  of the 
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THE GASIFICATION OF WASTES USING MOLTEN SALTS 

S .  J. Yosim and K. M. Barc lay  

Atomics In te rna t i ona l  D i v i s i o n  
8900 De Soto Avenue 

Canoga Park, C a l i f o r n i a  91304 

INTRODUCTION 

This paper descr ibes some experimental r e s u l t s  showing the  techn ica l  

f e a s i b i l i t y  o f  producing a low Btu gas (100-150 B tu /sc f )  from wastes 

us ing  molten s a l t  technology. The concept o f  molten s a l t  g a s i f i c a t i o n  

i s  described f i r s t  and i s  fo l lowed by a desc r ip t i on  o f  the  experimental 

apparatus. 

wastes a re  given. 

Then some r e s u l t s  o f  bench scale g a s i f i c a t i o n  t e s t s  o f  se lec ted  

The disposal  o f  waste x - ray  f i l m  i s  discussed. 

can be produced wi th  f i l m ,  a more impor tan t  ob jec t i ve  i s  t o  recover the 

s i l v e r  from the  f i l m .  Therefore, experiments t o  recover s i l v e r  as we l l  
as experiments producing low Btu gas a re  described. 

While low Btu gas 

The discussion o f  f i l m  t es ts  i s  fo l lowed by t e s t s  i n  which rubber 
t i r e s  and paper a re  gas i f i ed .  

Then, some t e s t s  on the  d isposa l  o f  n i t ropropane are  described. 

N02-containing compounds can be present i n  o the r  wastes and, s ince they 

a re  a source of n i t rogen  oxides emissions due t o  t h e i r  h igh  n i t rogen  
content, t e s t s  were c a r r i e d  ou t  t o  determine i f  such wastes could 
be disposed o f  w i t h  l o w  NOx emissions. 

Organic 

The experimental p b t i o n  o f  the  paper concludes w i t h  a desc r ip t i on  

o f  some g a s i f i c a t i o n  t e s t s  w i t h  sugar. 

we l l -charac ter ized  oxygen conta in ing  substance and has a composition t y p i c a l  

o f  many s o l i d  wastes. 

Sugar was tes ted  because i t  i s  a 

P 
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A discussion o f  t h e  r e s u l t s ,  inc lud ing  a comparison o f  these r e s u l t s  

wi th  those o f  coal  and o i l  g a s i f i c a t i o n  us ing  the  same technology, 

concludes the paper. 

CONCEPT OF GASIFICATION OF WASTES WITH MOLTEN SALT 

Molten S a l t  G a s i f i c a t i o n  o f  wastes i s  a process which provides f o r  

t he  removal o f  p o l l u t a n t s  dur ing  an i n i t i a l  p a r t i a l  ox ida t i on  and gas- 

i f i c a t i o n  step fo l lowed by complete burning o f  'the c lean combustible gases 

i n  a secondary combustor. 

t he  disposal o f  wastes i s  a two-step process. 

Thus, the  Molten S a l t  Gas i f i ca t i on  Process f o r  

I n  the  f i r s t  step, shredded combustible waste and a i r  a re  cont inuously I 

int roduced beneath the surface o f  a sodium carbonate-containing me1 t a t  

about l,OOO°C. 
during combist ;o~ i s  f o rced  t o  pass t h r o u ~ h  the  m e l t ;  
such as HC1 (produced from ch lo r i na ted  organ ic  compounds) and H2S ( f rom 

organic s u l f u r  compounds) a re  neu t ra l i zed  and absorbed by the a1 ka l  i ne  
Na2C03. The ash in t roduced w i t h  the combustible waste i s  a lso  re ta ined  
i n  the  melt .  Any char from the f i x e d  carbon i s  completely ox id i zed  i n  

the  s a l t .  

s i g n i f i c a n t  amount o f  NOx t o  be formed by f i x a t i o n  o f  the  n i t rogen  i n  the 
a i r .  

i.e., l e s s  than the  amount o f  a i r  requ i red  t o  ox id i ze  the  waste completely 
t o  C02 and H20. 

and completely g a s i f i e d  i n  the molten s a l t  furnace. The gas generated has 

an e f fec t i ve  heat ing va lue  which depends upon the  o r i g i n a l  waste. 
approximately 150 Btu/scf have been obtained. 

The waste i s  added i n  such a manner t h a t  any gas formed 

Any a c i d i c  gases, 

The temperatures o f  g a s i f i c a t i o n  a r e  too low t o  permi t  a 

Gas i f i ca t i on  o f  the waste i s  accomplished by us ing  d e f i c i e n t  a i r ,  

Thus, i n  the f i r s t  step, the waste i s  p a r t i a l l y  ox id ized  

Values o f  

I n  the second step, t h i s  gas flows t o  a convent ional  gas - f i r ed  b o i l e r  

i n  which i t  i s  combusted w i t h  secondary a i r ,  producing steam. 

4 

As a poss ib le  op t ion ,  a sidestream o f  sodium carbonate me l t  can be 

withdrawn cont inuously from the  molten s a l t  furnace, quenched and processed 
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i n  an aqueous regenerat ion system which removes the  ash and inorgan ic  

combustion products re ta ined  i n  the me l t  and re tu rns  the regenerated 

sodium carbonate t o  the  molten s a l t  furnace. The ash must be removed t o  

preserve the  f l u i d i t y  o f  the me l t  a t  an ash concentrat ion o f  about 

20 weight %. 

p o i n t  t o  prevent complete conversion o f  the me l t  t o  the sa l t s ,  w i t h  an 

eventual l o s s  o f  the  ac id  pol lutant-removal  c a p a b i l i t y .  

The inorgan ic  combustion products must be removed a t  some 

This concept i s  the bas is  o f  t he  Molten S a l t  Coal G a s i f i c a t i o n  Process 

which i s  c u r r e n t l y  being developed by Atomics In te rna t i ona l .  

I n  the  molten s a l t  concept f o r  s i l v e r  recovery, the  f i l m  i s  g a s i f i e d  
i n  a Na2C03 me l t  i n  the same manner as o the r  combustible waste. 

from the  f i l m  forms a l i q u i d  metal pool which i s  d ra ined from the  bottom 
of the combustor t o  form metal ingo ts  w i t h  a p u r i t y  exceeding 99.9%. 

The s i l v e r  

EXPERIMENTAL 

Mater ia 1 s 

The waste x-ray f i l m  was analyzed and was found t o  conta in  i n  weight 

carbon, 53.2; hydrogen, 5.5; ash (which was e s s e n t i a l l y  s i l v e r ) ,  2.4; %: 
and the  oxygen (by d i f fe rence) ,  38.9. 

t h a t  the  f i l m  contained 2.3% s i l v e r .  

moisture conten t  of 2.8%. No chemical analyses were c a r r i e d  out, bu t  a 

t y p i c a l  composition f o r ' p i n e  wood on a d r y  basis i s :  carbon, 51.8; hydrogen, 

6.3; ash, 0.5; and oxygen, 41.3. 
The rubber was bu f f i ngs  from an automobile t i r e  t read. No chemical analyses 

were c a r r i e d  out. The ni t ropropane was p r a c t i c a l  grade obtained from 

Eastman. The sugar consisted of pure sucrose. The Na2C03 f o r  t he  s a l t  bath 
was techn ica l  grade ma te r ia l  obtained f r o m  Kerr McGee. 

D i r e c t  ana lys is  f o r  s i l v e r  showed 
The wood was p ine  sawdust w i t h  a 

The heat ing value i s  t y p i c a l l y  9,130 Btu. 

Bench-Scale Molten S a l t  G a s i f i e r  

A cross-sect ion view o f  the bench-scale molten s l a t  g a s i f i e r  i s  shown 

i n  Figure 1. Approximately 12 l b  o f  molten s a l t  a re  contained i n  a 6- in.  I D  
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and 30- in.  h igh alumina tube placed i n  a Type 321 s ta in less  s tee l  r e t a i n e r  

vessel. This s t a i n l e s s  s tee l  vessel, i n  tu rn ,  i s  contained i n  an 8- in.  

ID, four -heat ing  zone Marsha l l  furnace. 

8 in. i n  height, and t h e  temperature o f  each zone i s  con t ro l l ed  by an 

SCR c o n t r o l l e r .  

Barber-Colman c h a r t  recorder .  

The fou r  heat ing zones are each 

Furnace and reac to r  temperatures a r e  recorded by a 12-point  

So l ids ,  p u l v e r i z e d  when necessary i n  a No. 4 Wiley m i l l  t o  4 mm 
i n  p a r t i c l e  s ize,  a re  metered i n t o  the  1/2- in.  OD cen t ra l  tube o f  t h e  i n -  

j e c t o r  by  a screw feeder.  Rotat ion o f  the screw feeder i s  provided by 
a 0 t o  400 rpm Eberback Corporat ion Con-Torque s t i r r e r  motor. In t h e  

i n j e c t o r  the s o l i d s  a re  mixed w i t h  the a i r  being used f o r  g a s i f i c a t i o n ,  and 

t h i s  s o l i d s - a i r  m ix tu re  passes downward through the  center tube o f  the  
i n j e c t o r  and emerges i n t o  the 1-1/2-in. 
feed tube i s  ad jus ted  so t h a t  i t s  t i p  i s  -1/2 i n .  above the 

bottom o f  the 6- in.  diameter alumina reac tor  tube. Thus, t h e  s o l i d s - a i r  

m ix tu re  i s  forced t o  pass downward through the  feed tube, outward a t  i t s  
bottom end, and then upward through -6 in.  o f  s a l t  i n  the  annulus between 

t h e  1-1/2-in. and the  6 - in .  alumina tubes. I n  the case o f  l i q u i d s ,  a 

d i f f e r e n t  feed system i s  used. 

pump and i s  sprayed i n t o  the  alumina feed tube. 

I D  alumina feed tube. Th is  alumina 

The l i q u i d  i s  pumped w i t h  a l abo ra to ry  

I n  order t o  p revent  the  me l t  temperature from r i s i n g  when an excessive 

amount o f  heat i s  re leased t o  t h e  melt, a coo l i ng  system (no t  shown i n  
Figure  1) cooled by a i r ,  maintained a constant temperature. I t  cons is ts  

o f  an e igh t -ho le  a i r  d i s t r i b u t i o n  r i ng ,  mounted underneath the  s ta in less  

s tee l  ceramic ' tube r e t a i n e r  vessel. A i r  a t  r a t e s  up t o  18 cfm can be 
passed upward between t h e  ou te r  surface o f  the  r e t a i n e r  vessel and t h e  

furnace wa l l .  

O f f  Gas Analyses 

Samples o f  t he  e x i t  gas, f o r  ana lys is  by gas chromatography, a re  taken 

w i t h  1-mP gas t i gh t  sy r inges  downstream o f  the C02 analyzer.  Two gas samples 
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are  taken a t  the same time. 

oxygen, and ni t rogen, us ing  a molecular s ieve  13X column a t  room temperature. 
The o ther  sample i s  analyzed f o r  carbon dioxide, methane, ethane, ethylene, 

s u l f u r  d ioxide, and hydrogen su l f i de ,  us ing  a Poropak Q column a t  130°C 

(266OF). 

the  of f -gas. 

Chemiluminescent NOx Analyzer. 

determinat ions are  made w i t h  Olson-Horiba, Inc.  un i t s .  (Mexa-300 carbon 

monoxide and Mexa-PO0 carbon d iox ide  analyzers,. respec t ive ly .  ) 
ana lys is  data a re  repor ted  on a d ry  basis.  

One sample i s  analyzed f o r  carbon monoxide, 

Often, continuous measurements o f  NO,, CO, and C02, are taken of 

The NOx analyses are made w i t h  a Thermo E lec t ron  Corporat ion 

The carbon monoxide and carbon d iox ide  

A1 1 gas 

The g a s i f i c a t i o n  steady s ta te  r e s u l t s  f o r  f i l m ,  wood, rubber, and 

ni t ropropane are  shown i n  Table 1. 

Table 2. 
The r e s u l t s  f o r  sucrose are  shown i n  

F i lm  

Two ser ies  o f  t e s t s  were c a r r i e d  ou t  w i t h  waste x-ray f i l m .  The 

purpose o f  the f i r s t  t e s t  (No. 1) was t o  show t h a t  pure elemental s i l v e r  

could indeed be recovered under g a s i f i c a t i o n  cond i t ions  a t t a i n a b l e  i n  the  

Atomics In te rna t i oFa l  p i l o t  p l a n t  which i s  capable o f  ,gas i fy ing  about 

200 lbs /h r  o f  coal  and waste. 

value (HHV) o f  100 B t u l s c f  was obtained. I n  t h i s  bench sca le  tes t ,  1 5  l b s  

o f  f i l m  were burned. A f t e r  the  tes t ,  the me l t  was cooled u n t i l  the  s i l v e r  

s o l i d i f i e d  ( A b r i g h t  p e l l e t  o f  l us t rous  s i l v e r  metal having a 

weight o f  0.34 l b s  was recovered. Th is  corresponds t o  98.6% o f  the s i l v e r  

i n  the f i l m  feed. Because o f  the successful r e s u l t s  o f  t h i s  bench scale 
tes ts ,  a t e s t  t o  recover f i l m  from 20,000 l b s  o f  waste x-ray f i l m  i s  

planned f o r  the  near fu tu re .  ( A  s i l v e r  recovery t e s t  i n  the  Atomics 

I n t e r n a t i o n a l ' s  p i l o t  p l a n t  has been c a r r i e d  ou t  i n  which 15,000 l b s  o f  

waste x-ray f i l m  were burned under excess a i r  cond i t ions  a t  a r a t e  o f  

100 lbs /h r .  

s i l v e r  metal i ngo t  weighing 230 l b s  w i t h  99.9% p u r i t y  was recovered.) 

A combustible gas w i t h  a h igher  heat ing 

960OC). 

I n  t h a t  t es t ,  which was ca r r i ed  out f o r  the Navy, a s i n g l e  



Page 6 

I n  tes t  No. 2, t h e  g a s i f i c a t i o n  was c a r r i e d  ou t  under more reducing 

cond i t ions  (22% t h e o r e t i c a l  a i r ) .  

con ten t  was obtained (179 B tu /sc f ) .  Elemental s i l v e r  was recovered from 

t h i s  t e s t  a l so  b u t  t h e  y i e l d  was no t  determined. 

This t ime a gas w i t h  a much higher heat 

Wood 

Gas i f i ca t i on  o f  the  p ine  wood was c a r r i e d  o u t  w i t h  30% theore t i ca l  

Again, a gas w i t h  a h igh  heat content (181 Btu /sc f )  was obtained. a i r .  

The H2 content was somewhat h igher  and the  CH4 conten t  somewhat lower than 

was obtained w i t h  the  f i l m  a t  22% theore t i ca l  a i r .  However, i t  i s  not 

c l e a r  whether t h i s  d i f f e r e n c e  i s  r e a l .  

Rubber 

Two tes ts  were c a r r i e d  ou t  w i t h  rubber f r o m  a rubber t i r e .  Since 
the  t i r e  contained organic su i fu r  which would form Na2S i n  the melt ,  the 

Na2C03 melt  o r i g i n a l l y  contained 6 w t  % Na2S t o  s imulate steady s ta te  

condi t ions.  Sodium s u l f i d e  was a l so  added because i t  has been es tab l i shed 
a t  Atomics In te rna iona l  and o ther  l abo ra to r ies  t h a t  Na2S i s  a c a t a l y s t  

i n  acce le ra t i ng  the  g a s i f i c a t i o n  o f  char i n  molten Na2C03. 
was c a r r i e d  ou t  w i t h  33% t h e o r e t i c a l  a i r .  The r e s u l t s  i n  Table 1 are an 

The g a s i f i c a t i o n  

average o f  t he  t w o  t es ts .  

The C02 content o f  t h i s  gas was considerably lower than t h a t  from the 

oxygen-containing wastes and i s  more s i m i l a r  t o  t h a t  obtained when coal 

o r  o i l  i s  gas i f ied .  I n  s p i t e  o f  t he  l a r g e  amounts o f  Na2S i n  the melt, 

no H2S o r  o ther  su l fu r - con ta in ing  gases (<30 ppm) were detected i n  the 

o f f  gas. 

A gas w i t h  an HHV o f  156 Btu /sc f  was obtained. 

N i  tropropane 

Organic NO2-containing compounds may we l l  be present i n  small amounts 

i n  wastes which are  being g a s i f i e d  f o r  producing f u e l .  Th is  type o f  compound 

b 
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can e m i t  a g rea t  deal  o f  NO,. 
determine i f  i t  would be poss ib le  t o  minimize the  NOx emissions du r ing  

gas i f i ca t i on .  

w i t h  d i f f e r e n t  add i t i ves .  
cond i t ions  and w i t h  a s p e c i f i c  add i t i ve ,  i t  was poss ib le  t o  combust n i t r o -  

propane and produce a product gas conta in ing  on ly  6 ppm NO,. 

t h a t  the  presence of organic N02-containing wastes w i l l  no t  c o n t r i b u t e  
much NOx under gas i f y ing  cond i t ions .  

from the  tes ts  i s  shown i n  Table 1. 

I n  these tes ts ,  n i t ropropane was used t o  

A ser ies  o f  t e s t s  was run  under vary ing  cond i t ions  and 
I t was determined t h a t  under c e r t a i n  process 

It thus appears 

The composition o f  a t y p i c a l  o f f  gas 

~ Sucrose 

The g a s i f i c a t i o n  o f  sucrose i n  pure Na2C03 was s tud ied  a t  f o u r  d i f f e r e n t  

s to ich iomet r ies .  

(2.5 scfm) corresponded t o  an a i r  s u p e r f i c i a l  v e l o c i t y  i n  the  g a s i f i e r  

o f  1 f t / sec .  As expected, the  heat ing  value o f  the  gas increased as the 

percent t h e o r e t i c a l  a i r  decreased. However, when the  a i r / f u e l  r a t i o  was 

too  low, i n s u f f i c i e n t  heat  w is  re leased t o  the me l t  and a u x i l i a r y  heat ing  
was required. 

a i r  was used. 

me l t  temperature. 
was released t o  the  me l t  so t h a t  the  furnace could be turned o f f .  

a i r ,  excess heat  was generated and had t o  be removed by the  coo le r .  

r e l a t i v e l y  sho r t  experimental runs  (-I hour) d i d  n o t  permi t  a d e f i n i t e  
conclusion as t o  what minimum percent o f  t heo re t i ca l  a i r  cou ld  be used 

i n  t h i s  system and s t i l l  ma in ta in  me l t  temperature w i thou t  a u x i l i a r y  

(furnace) heat. 
a molten s t a t e  a t  l e a s t  a t  35% o f  t h e o r e t i c a l  a i r  a t  which l e v e l  a com- 

b u s t i b l e  gas w i t h  an HHV o f  154 B tu /sc f  was being generated. 

The m e l t  temperature was about 95OoC. The a i r  feed r a t e  

Th is  was the  case w i th  the  t e s t  i n  which 18% t h e o r e t i c a l  

The furnace was tu rned on du r ing  the t e s t  t o  ma in ta in  the  

However, a t  35 and 52% theo re t i ca l  a i r ,  s u f f i c i e n t  heat 
A t  72% 

The 
- 

I t  appears, however, t h a t  the s a l t  could be maintained i n  

A t e s t  i n  which the a i r  s u p e r f i c i a l  v e l o c i t y  was reduced t o  1/2 f t / sec  

y ie lded  an off-gas v i r t u a l l y  unchanged i n  composition t o  t h a t  when t h e  

v e l o c i t y  was 1 f t / sec .  Th is  suggests t h a t  residence t ime i n  the m e l t  i s  

n o t  an important f ac to r .  
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Discussion 

80 

It i s  o f  i n t e r e s t  t o  compare the heat ing  value o f  a gas produced 

from a mater ia l  con ta in ing  a g rea t  deal o f  combined oxygen w i t h  t h a t  pro- 

duced from a convent ional  fuel  such as coal and f u e l  o i l .  A comparison 

o f  the heat ing values o f  gases produced by the  oxygenated compounds which 

con ta in  40-50 w t  % oxygen, by Kentucky No. 9 coal  (7  w t  % oxygen), and 

by No. 6 fue l  o i l  ( e s s e n t i a l l y  no oxygen) us ing  the same molten s a l t  

technology i s  shown i n  Table 3. I t  can be seen t h a t  t he  d i f f e rence  i n  

heat ing  value o f  the  gas i s  r e l a t i v e l y  small i n  s p i t e  o f  the  l a r g e  
d i f f e rence  i n  Btu conten t  o f  t h e  combustible ma te r ia l  (12,000 B tu / l b  f o r  

the  coal and 19,000 8 t u / l b  f o r  the fue l  o i l  vs 7,000-9,000 B tu / l b  f o r  

t he  oxygenated m a t e r i a l ) .  The small d i f f e r e n c e  i n  heat content o f  t he  

gases probably i s  due i n  p a r t  t o  the  f a c t  t h a t  a g rea t  deal o f  the 

oxygen i s  supp l ied  by the  fuel  and t h i s  combined oxygen i s  n o t  d i l u t e d  

w i t h  atmospheric n i t rogen.  

gas were 59% i n  t h e  case o f  f u e l  o i l  a t  20% t h e o r e t i c a l  a i r  and on ly  34% 
i n  the  case o f  sucrose a t  18% t h e o r e t i c a l  a i r .  

To i l l u s t r a t e ,  t he  n i t rogen  contents o f  t he  o f f  

It has been shown tha t ,  as expected, the  Btu conten t  o f  t h e  o f f -gas  
increases as the  percent  o f  t heo re t i ca l  a i r  decreases. However, as was 

a l s o  shown ( i n  t e s t  No. 6), there  i s  a p r a c t i c a l  upper l i m i t  on the gas 

heat  content which can be obtained. Above th i s .upper  l i m i t ,  there  w i l l  
n o t  be enough heat  re leased t o  the  mel t  t o  sus ta in  the  opera t ing  temper- 

a tu re .  

process a i r  and by decreasing the  heat losses i n  the  g a s i f i e r  w i t h  improved 
i n s u l a t i o n .  

This upper l i m i t  can be increased somewhat by us ing  preheated 

The maximum waste throughput i s  a l s o  governed by the  maximum super- 

f i c i a l  v e l o c i t y  o f  the gas through the melt .  
s u p e r f i c i a l  v e l o c i t y  o f  t he  i n l e t  a i r  has been s e t  a t  2 f t / sec .  

corresponds t o  a someuhat h igher  v e l o c i t y  o f  t he  produc t  gas, depending on 

t h e  f rac t i on  of t o t a l  oxygen which i s  combined oxygen and on t h e  composition 

of the  off-gas.) Beyond t h i s  v e l o c i t y  o f  2 f t / sec ,  entrainment o f  t he  

m e l t  becomes excessive. 

waste throughput can be s i g n i f i c a n t l y  increased s ince  a t  a a g iven a i r  

Super f i c i a l  ve loc i t y ,  t he  waste throughput w i l l  be p ropor t i ona l  t o  t h e  
pressure. 

I n  general, the  maximum 

(Th is  

However, by opera t ing  a t  e levated pressures, the 
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No su l fu r - con ta in ing  p o l l u t a n t s  were observed i n  the  o f f -gas  when 
rubber was gas i f ied .  

i n  a l l  t e s t s  i n  which t h a t  type  o f  ma te r ia l  was t rea ted  i n  Na2C03 mel ts  

w i t h  excess a i r ,  there  was no t race  o f  HC1 even when the  Na2C03 content 

was as low as 5 w t  %. 
obtained i f  d e f i c i e n t  a i r  were used. 

While ch lo r ine-conta in ing  ma te r ia l  was n o t  gasi f ied,  

It i s  expected t h a t  the  same r e s u l t s  would be 

The r e s u l t s  descr ibed i n  t h i s  paper show t h a t  the g a s i f i c a t i o n  of 
wastes i n  molten s a l t s  t o  produce a low Btu gas i s  t echn ica l l y  f eas ib le .  

However, an engineer ing eva lua t ion  lead ing  t o  the  economics o f  molten 

s a l t  g a s i f i c a t i o n  o f  the  var ious wastes has no t  been done and would be 

necessary before i t  can be es tab l i shed i f  t h i s  process i s  a p r a c t i c a l  
one. 

81 
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TABLE ‘3 

A Comparison o f  the  Heating Value o f  Gas 
Produced from Sucrose and from Coal 

OXYGENATED MATERIAL CONVENTIONAL FUELS 

% Theor. HHV 
Ma te r ia l  A i r  B tu /sc f  --- 

4: Theor. HHV 
Fuel A i r  Btu/scf  

Sucrose 18 216 Fuel O i l a  20 191 

F i l m  22 179 Fuel O i l  27 155 

Wood 30 181 Coal 35 151 

Sucrose 35 154 Coal 40 138 

F i l m  51 107 Coal 50 118 

Sucrose 53 91  Coal 70 36 
Sucrose 72 37 

b 

(a) ?he f u e l  oi l  was a No. 6 o i l .  
5%; ash, 0.007%; s u l f u r ,  0.3%, hydrogen 13%. 

(b)  The coal was Kentucky No. 9 seam coal. 
on a d ry  bas is  was i n  weight %; ash, 16.4; v o l a t i l e  matter,  37.6; 
f i x e d  carbon, 46.0; and s u l f u r ,  4.5. The u l t i m a t e  ana lys is  on a 
d ry  basis was: carbon, 66.3; hydrogen, 4.6; n i t rogen,  1.4; 
su l fu r ,  4.5; ash, 16.4; and oxygen (by d i f f e rence ) ,  6.9. 

I t  was A P I  g r a v i t y  18, carbon residue, 

The proximate ana lys is  

a4 
I 

I 

r ’ l  

jca/gdd: 12 
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(on a dry basis) each year. 
beginning t o  be used t o  a s ignif icant  extent. 
dif ferent  character is t ics  and markets are  being produced. 
recovery of fuels  and energy from waste materials a re  in various stages of research, 
development, demonstration and commercialization. 
processes and fuels in order t o  provide an overview of this f ie ld  o f  energy technology. 

Organic wastes generated i n  t h i s  country a r e  estimated to  exceed 800 million tons 
This large and continually renewable energy source i s  

Solid, liquid and gaseous fuels with 

This paper will discuss these 

Numerous processes f o r  the 

/ 


